We investigate the resonant leptogenesis scenario in the minimally U(1) B−L extended standard model with minimal flavor violation. In our model, the U(1) B−L gauge symmetry is broken at the TeV scale and standard model singlet neutrinos gain Majorana masses of order TeV. In addition, we introduce a flavor symmetry on the singlet neutrinos at a scale higher than TeV. The flavor symmetry is explicitly broken by the neutrino Dirac Yukawa coupling, which induces splittings in the singlet neutrino Majorana masses at lower scales through renormalization group evolutions. We call this setup "minimal flavor violation". The mass-splittings are proportional to the tiny Dirac Yukawa coupling, and hence they automatically enhance the CP asymmetry parameter necessary for the resonant leptogenesis mechanism. In this paper, we calculate the baryon number yield by solving the Boltzmann equations, including the effects of U(1) B−L gauge boson that also has TeV scale mass and causes washing-out of the singlet neutrinos in the course of thermal leptogenesis. The Dirac Yukawa coupling for neutrinos is fixed in terms of neutrino oscillation data and an arbitrary 3 × 3 complex-valued orthogonal matrix. We show that the right amount of baryon number asymmetry can be achieved through thermal leptogenesis in the context of the minimal flavor violation with singlet neutrinos and U(1) B−L gauge boson at the TeV scale. These particles can be discovered at the LHC in the near future.
Introduction
The baryon number asymmetry of the Universe has been measured to be [1] n B s = (0.88 ± 0.02) × 10 −10 .
Since the electroweak baryogenesis scenario based on the standard model (SM) is incapable of explaining this amount, we need an extension of SM. Leptogenesis [2] is an appealing scenario, as it explains the tiny neutrino masses and the baryon number asymmetry simultaneously with heavy singlet neutrinos [3] . What is problematic in the leptogenesis scenario is that it usually cannot be tested experimentally; the efficiency of leptogenesis is proportional to CP violation which appears in interference terms between tree and one-loop diagrams involving singlet neutrinos. Therefore sufficiently large neutrino Yukawa coupling is required in order that the efficiency be high enough to produce the observed amount of baryon asymmetry. This in turn implies that the singlet neutrinos must be heavy enough to explain the tiny neutrino masses, and hence they are beyond the energy scale of collider experiments. However, if singlet neutrinos have nearly degenerate Majorana masses, resonance in loop diagrams enhances the efficiency of leptogenesis, making it possible to produce the right amount of baryon asymmetry even with small neutrino Yukawa couplings, which is called "resonant leptogenesis" [4] . With the resonant leptogenesis mechanism, models with TeV scale singlet neutrinos can explain both the baryon number asymmetry and the light neutrino masses. Still, collider experiments cannot test such models because the singlet neutrinos couple to SM particles only through the small Yukawa coupling, and hence they cannot be produced at colliders. If there is a new gauge interaction that is broken at TeV scale and the singlet neutrinos are charged under it, we may be able to produce the TeV scale singlet neutrinos at colliders and even measure the amount of CP violation through their decays [5] . Another problem of models with TeV scale singlet neutrinos is its naturalness. Since successful resonant leptogenesis requires highly degenerate Majorana masses, we have to explain the origin of the degeneracy from some new symmetry or mechanism.
In this paper, we propose a model that solves these problems and show that it can explain both the light neutrino masses and the baryon number asymmetry without losing its experimental accessibility and without requiring unnatural fine-tuning. In addition to the SM content, our model has U(1) B−L gauge symmetry and contains three singlet neutrinos which are necessary for its anomaly cancellation. This gauge symmetry is broken at the TeV scale so that U(1) B−L gauge boson and the singlet neutrinos obtain masses of order TeV [6] . We further introduce a flavor symmetry on the singlet neutrinos at an energy scale above TeV, which is broken explicitly by the neutrino Dirac Yukawa coupling.
Because of the flavor symmetry of the singlet neutrinos, the differences in their Majorana masses arise solely from the neutrino Dirac Yukawa coupling through renormalization group (RG) evolutions, which we call "minimal flavor violation" for singlet neutrinos. The ratios of the mass differences over the mass scale are therefore of the same order as the neutrino Dirac Yukawa coupling. It turns out that such mass difference is of an appropriate order to produce the right amount of the baryon number asymmetry with resonant enhancement, and no finetuning is required in our setup. Moreover, since the differences in the Majorana masses are related to the neutrino Dirac Yukawa coupling, our model is more restrictive than the original resonant leptogenesis scenario, where the mass difference is a free parameter.
Two of the authors have discussed in ref. [7] resonant leptogenesis in the presence of U(1) B−L gauge symmetry that is broken at TeV scale. In that paper, the tiny difference in the Majorana masses of two singlet neutrinos is put in by hand, whereas in our paper it arises from RG evolutions involving the neutrino Dirac Yukawa coupling.
Resonant leptogenesis with a flavor symmetry of singlet neutrinos at a high scale has been first proposed in ref. [8] . However the models in that paper does not contain U(1) B−L gauge symmetry that is broken at TeV scale because its motivation lies in lowering the reheating temprature of the Universe rather than observing singlet neutrinos by collider experiments. We expect that the washing-out of singlet neutrinos via U(1) B−L gauge interaction in the course of thermal leptogenesis reduces the resultant baryon number asymmetry, making it difficult to produce the right amount of baryon asymmetry. This is particularly so when the mass of U(1) B−L gauge boson is larger than twice the Majorana masses, because in this case on-shell U(1) B−L gauge boson can mediate the interactions between singlet neutrinos and SM particles. From the point of view of collider experiments, however, this case is favorable because the singlet neutrinos can be produced by the decay of U(1) B−L gauge boson. We will see that even with the U(1) B−L gauge interaction at the TeV scale, we can obtain enough baryon asymmetry through resonant leptogenesis with a flavor symmetry of singlet neutrinos at a high scale. Another feature of our study is that we adopt Casas-Ibarra parametrization [9] for the neutrino Dirac Yukawa coupling. When the charged lepton Yukawa coupling is neglected, the processes of leptogenesis depend only on (Y † ν ) ai (Y ν ) ib , where Y ν denotes the neutrino Dirac Yukawa coupling, i the flavor index of lepton doublets and a, b that of singlet neutrinos. In Casas-Ibarra parametrization, this quantity is parametrized in terms of the light neutrino mass eigenvalues and an arbitrary complex-valued orthogonal matrix, independently of the neutrino flavor-mixing matrix. This parametrization thus makes it clear whether the right amount of baryon number asymmetry can be produced in a given setup.
In Section 2, we describe the model which contains U(1) B−L gauge symmetry and a flavor 
Setup
We consider the minimally U(1) B−L extended standard model, where the gauge symmetry is Table 1 . We assume that the physical scalar particle that originates from Φ after the U(1) B−L symmetry breaking is heavier than the singlet neutrinos, and we may neglect it in the discussion of thermal leptogenesis.
We take the combination of the U(1) Y and U(1) B−L gauge bosons such that the mixing of their kinetic terms are zero throughout the renormalization group (RG) evolutions. Then the convariant derivative, D µ , can be written as
where the couplinggY reflects the mixing of the U(1) Y and U(1) B−L gauge bosons.g, g B−L are defined so that we haveg = 0 at the U(1) B−L breaking scale. Since Φ has B − L charge 2, its VEV induces the mass of the U(1) B−L gauge boson as
The Dirac and Majorana Yukawa couplings for the neutrinos are given by
Note that Y M is a symmetric matrix with complex values. The term
when Φ obtains VEV.
The light neutrino mass matrix takes the form:
We move to the flavor basis where the charged leptons and the singlet neutrinos are in their mass eigenstates. On this basis, we have
where (m i ) 2 's denote the eigenvalues of the light neutrino mass squared, U M N S denotes the neutrino flavor-mixing matrix and y i 's denote the eigenvalues of Y M . We see from (6), (7) and (8) that Y ν on this basis can generally be written as
where O denotes an arbitrary orthogonal matrix with complex values, which appears in CasasIbarra parametrization [9] . We hereafter call O "Yukawa kernel matrix".
Let us introduce a symmetry of two generations of singlet neutrinos above an energy scale Λ, which is assumed higher than the TeV scale. Then we may write
in the basis where Y M is diagonal. This is the key assumption that realizes the resonant leptogenesis without fine-tuning of the parameters. Below the scale Λ, Y ν explicitly breaks the flavor symmetry and comes into effect through RG evolutions. The difference between the first two components of Y M at lower scales is proportional to Y † ν Y ν , and hence the singlet neutrinos obtain Majorana masses whose difference between the first two components is proportional to Y † ν Y ν when Φ gains VEV. This mass difference is essential for successful resonant leptogenesis.
Our flavor symmetry is inspired by a class of A 4 symmetric models where the three flavors of the singlet neutrinos transform as 3 representation of A 4 group (see e.g. Table 1 of ref. [10] for a list of such models), although we do not specify the details of the flavor symmetry. If the singlet neutrinos are in 3 representation and the B − L breaking field Φ is in 1 representation of A 4 group, the Majorana Yukawa coupling will be common for the three flavors. In realistic A 4 models, especially when one takes into account the observed value of the neutrino mixing angle θ 13 [11] , A 4 symmetry should be spontaneously broken below some scale. In our model, the spontaneous breaking of a flavor symmetry is effectively described by the Dirac Yukawa coupling that explicitly violates the flavor symmetry and that comes into play below the scale Λ.
RG Evolutions
In the following discussion, we set the The RG equations for the U(1) gauge couplings, g 1 , g B−L ,g, are given as follows, where M 0 is the U(1) B−L breaking scale:
The RG equations for g 2 , g 3 are the same as in the standard model.
The RG equations for the Yukawa couplings Y M , Y † ν Y ν and the top Yukawa coupling, y t , are given as :
In the RG equations above, we neglect the Yukawa couplings except the top Yukawa coupling.
Note that, when the charged lepton Yukawa couplings are neglected, the RG evolution for Y ν can be expressed in terms of that for
The boundary conditions for the RG equations are
Note that Y † ν Y ν is independent of the neutrino flavor-mixing matrix, U M N S . In the first and second equations,ỹ,ỹ 3 and y, y 3 are related through RG evolutions from the scale Λ to M 0 . In order to obtain their relation, we solve eq. (14) neglecting the term Y † ν Y ν .
We numerically solve the RG equations using the following best fit values (with 3σ ranges) from the Particle Data Group [12] , which were derived assuming non-zero θ 13 :
Our analysis is done for both the normal hierarchy (m 
For the inverted hierarchy case, m . We calculate the mass spectrum for various values of α and substitute it into the Boltzmann equations that calculate the baryon number yield. Since we are assuming a symmetry on only two generations of singlet neutrinos, it is natural that the other singlet neutrino has distinctively different Majorana mass. This singlet neutrino then does not contribute to resonant leptogenesis. We here neglect this singlet neutrino and make a two-flavor approximation, i.e., we only consider the two generations of singlet neutrinos, on solving the Boltzmann equations.
Baryon Number Asymmetry from Leptogenesis
At high temperatures, the singlet neutrinos as well as the SM particles are in thermal equilibrium. (Remember that the U(1) B−L gauge boson mediates interactions between the singlet neutrinos and other particles.) As the Universe cools down and the temperature becomes below the order of M 0 , the singlet neutrinos decouple from the thermal bath and decay into the Higgs doublet and the SM leptons. Because of the CP phases of Y ν , the decays of the singlet neutrinos exhibit a CP asymmetry, which gives rise to non-zero lepton number density, or equivalently non-zero B − L charge density. The lepton number density is converted into the baryon number asymmetry through the sphaleron process [15, 16] when the temperature of the Universe is higher than the decoupling temprature of the sphaleron process T sph ∼ 150 GeV [17] .
To estimate the resultant baryon number asymmetry, we solve the Boltzmann equations governing the number densities of the particles concerned [13] . We normalize the temperature, T , of the radiation-dominated Universe as
where yv B−L approximately equals to the mass of the two singlet neutrinos that are relevant to leptogenesis. We respectively denote the yields, n/s (n: number density of a particle species, s: entropy density), of the singlet neutrinos N a (a = 1, 2) and the B − L charge by Y Na , Y B−L .
The CP asymmetry parameter ǫ a for the decay of singlet neutrino N a is defined as Figure 1 : Decay of a singlet neutrino at tree and one-loop levels.
Non-zero ǫ a comes from the interference of the diagrams in Figure 1 . It is generally given by
where M a , Γ a denote the Majorana mass and the decay width of the singlet neutrino N a and
. V b reflects the interference of the left and the middle diagrams in Figure 1 and S b that of the left and the right diagrams. They are given by
In our model, the mass difference of the relevant two singlet neutrinos, M 
Since we are assuming yv B−L ∼TeV, it follows from eq. (9) that the components of Y ν is at least as small as (∆m 
Na , Y eq L respectively denote the yields of the singlet neutrino N a and the lepton doublets L i s, and H(yv B−L ) denotes the Hubble constant at the temprature T = yv B−L . γ Da is the spacetime density of the decay events of N a , and γ Z ′ the space-time density of the processes mediated by the U(1) B−L gauge boson: N a N a ↔ ff , where f indicates a standard model fermion. We neglect other terms that give negligibly small contributions to the yields, in accordance with ref. [7] . The general form of the Boltzmann equation and expressions of γ's are given in ref. [14] .
At small z, U(1) B−L gauge interaction keeps the singlet neutrinos in thermal equilibrium. Below the sphaleron decoupling temperature, the sphaleron process ends and the B − L charge density is no longer converted to the baryon number density. Noting these, we numerically solved the Boltzmann equations from z = 0.001 to z = yv B−L /T sph with the initial conditions:
where we simply assumed that there is initially no B − L charge density. The resultant B − L charge density is converted to the baryon number density through the sphaleron process [16] .
The yield of the baryon number, n B /s, is related to Y B−L by the following formula:
Numerical Analysis on Resonant Leptogenesis
Solving the RG equations in Section 3 and the Boltzmann equations in Section 4, we calculate the baryon number density for various values of the parameters, and compare it with the We set the U(1) B−L breaking scale M 0 at yv B−L , and the sphaleron decoupling temprature T sph at 150 GeV [17] . We adopt the following values: We also make contour plots of the baryon number yield for Λ = 10
15 GeV, for
= 0.02 and for the inverted hierarchy of the light neutrino masses, to study the impacts of these parameters on the result.
In Figure 2 , we show how the CP asymmetry parameters, ǫ 1 , ǫ 2 , evaluated at the scale M 0 depend on Λ. Here we set g tomatically realized by the RG evolutions. Also, they only weakly depend on the scale of Λ, which means that the baryon number yield is not affected by the scale above which the flavor symmetry of singlet neutrinos appears.
On the left and right of Figure 3 Figure 8 is the same contour plot as the left of Figure 5 , but we here assume the inverted hierarchy of the light neutrino masses.
We notice from the left panels of Figure 4 and 5 that a sufficiently large amount of the From Figures 3, 4 and 5, we see that the heavier the singlet neutrinos are, the more baryon number yield we have. This is simply due to the fact that leptogenesis ends at the sphaleron decoupling temperature, which is assumed to be T sph ≃ 150 GeV. If the singlet neutrino mass is smaller, less singlet neutrinos decouple from the thermal bath and do out-of-equilibrium decay before the radiation of the Universe cools down to the sphaleron decoupling temperature. We also notice that we have more baryon number yield when M Z ′ < 2yv B−L than otherwise. This is because in the latter case, an on-shell U(1) B−L gauge boson mediates the processes:
singlet neutrino, f : standard model fermion), and singlet neutrinos are washed out more efficiently.
From Figure 5 and 6, we confirm that the baryon number yield hardly depends on the scale Λ, above which the flavor symmetry of the singlet neutrinos appears. This is in accord with Figure 2 , which shows that the CP asymmetry parameters vary only by factor 2 with the change of Λ.
Comparing Figure 7 with Figure 5 , we see that the baryon number yield decreases for larger g B−L , which reflects the fact that the washing-out of singlet neutrinos is more efficient when the U(1) B−L gauge coupling is stronger.
Finally from Figure 5 and 8, we see that the baryon number yield drastically decreases with the inverted hierarchy of light neutrino masses. This is because the neutrino Dirac Yukawa coupling squared, eq. (18), cannot have large CP-violating phase when two of the mass eigenvalues for the light neutrinos are nearly degenerate, as in the inverted hierarchy case.
Conclusions and Discussions
We have studied the resonant leptogenesis scenario in the model where SM is extended with U(1) B−L gauge symmetry which is broken by the Higgs mechanism at the TeV scale and with TeV scale singlet neutrinos. We further assume a flavor symmetry on two generations of the singlet neutrinos which is explicitly broken by the neutrino Dirac Yukawa coupling at a scale above TeV. Renormalization group evolutions generate a splitting of the singlet neutrino Majorana masses that is proportional to the neutrino Dirac Yukawa coupling. Hence the CP asymmetry parameters for the singlet neutrino decay process are automatically en- where Y ψ = n ψ /s is the ratio of n ψ and the entropy density s, z = m ψ T
, and H(m ψ ) is the Hubble parameter at a temperature T = m ψ . The right hand side of eq. (39) describes the interactions that change number of ψ, and γ eq is the space-time density of scatterings in thermal equilibrium.
For a dilute gas we take into account decays, two-particle scatterings and the corresponding back reactions. One finds, for a decay the particle ψ,
where K 1 and K 2 are the modified Bessel functions, andΓ rs is the decay width. For two body scattering one has
where s is the squared center-of-mass energy and the reduced cross sectionσ for the process ψ + a ↔ i + j + · · · is related to the usual total cross section σ(s) bŷ
The total reduced cross section for the process f +f → N + N mediated by the Z ′ boson ( f denotes the SM fermions) is given bŷ
where y = 
